Current retroviral replication models propose that during () strand synthesis, the initial (À) strand tRNA primer is partially replicated to reproduce the 18 nt primer-binding site (PBS). Subsequent removal of the tRNA primer from the (À) strand template exposes the PBS, which anneals to complementary sequences on a DNA acceptor template to enable () strand transfer. We used model templates composed of primed (À) strand DNA covalently linked with post-transcriptionally modi®ed tRNA 3 lys along with natural sequence human immunode®ciency virus (HIV) acceptor DNA to study the generation of the () strand strong stop intermediate and the subsequent () strand transfer reaction. The rate of formation of the () strand transfer reaction products was modestly increased (threefold) by inclusion of nucleocapsid protein, suggesting an ancillary role for this protein in this stage of retroviral replication. In addition to the well-known stop site opposite G59 of the tRNA primer, we detected two additional stop sites opposite c55 and at A38. Kinetic analysis showed that only the intermediates formed by stops opposite G59 and c55 were active in the subsequent () strand transfer reaction. The surprising discovery of the longer, viable () strand interaction intermediate prompted us to survey retroviral sequences for a region complementary to the additional donor DNA nucleotides involved in this over-extension. Indeed, complementary sequences that could support this over-extension were found. A strong consensus sequence is immediately adjacent to and downstream of the PBS in lentiviruses and spumaviruses. This consensus sequence was not found in other genera of retroviruses. We have named this element the``primer over-extension sequence'' (POS), and propose that it provides a complementary sequence for strand transfer reactions proceeding from intermediates that extend beyond the standard 18 nt complement of the PBS.
Current retroviral replication models propose that during () strand synthesis, the initial (À) strand tRNA primer is partially replicated to reproduce the 18 nt primer-binding site (PBS). Subsequent removal of the tRNA primer from the (À) strand template exposes the PBS, which anneals to complementary sequences on a DNA acceptor template to enable () strand transfer. We used model templates composed of primed (À) strand DNA covalently linked with post-transcriptionally modi®ed tRNA 3 lys along with natural sequence human immunode®ciency virus (HIV) acceptor DNA to study the generation of the () strand strong stop intermediate and the subsequent () strand transfer reaction. The rate of formation of the () strand transfer reaction products was modestly increased (threefold) by inclusion of nucleocapsid protein, suggesting an ancillary role for this protein in this stage of retroviral replication. In addition to the well-known stop site opposite G59 of the tRNA primer, we detected two additional stop sites opposite c55 and at A38. Kinetic analysis showed that only the intermediates formed by stops opposite G59 and c55 were active in the subsequent () strand transfer reaction. The surprising discovery of the longer, viable () strand interaction intermediate prompted us to survey retroviral sequences for a region complementary to the additional donor DNA nucleotides involved in this over-extension. Indeed, complementary sequences that could support this over-extension were found. A strong consensus sequence is immediately adjacent to and downstream of the PBS in lentiviruses and spumaviruses. This consensus sequence was not found in other genera of retroviruses. We have named this element the``primer over-extension sequence'' (POS), and propose that it provides a complementary sequence for strand transfer reactions proceeding from intermediates that extend beyond the standard 18 nt complement of the PBS.
Introduction
The (À) strand reverse transcription of retroviral genome is primed by a cellular tRNA molecule that anneals via its 3
H -end to an 18 nt primer-binding site (PBS) within the viral template.
1 ± 4 A (À) strand intermediate is ®rst generated, followed by the (À) strand transfer reaction and RNase digestion of the RNA template strand. However, this degradation is incomplete; a short stretch of polypurines is left undigested, and this polypurine tract serves as the () strand primer.
5 ± 7 The () strand is then generated using the (À) strand DNA as template; reverse transcriptase (RT) pauses after replicating the ®rst 18 nt of the tRNA primer, producing the () strand strong stop intermediate. 8 ± 11 Current models propose that termination is speci®-cally directed by the presence of the ®rst modi®ed base (m1A58) in the tRNA primer. 12, 13 Termination at this position leads to the regeneration of the PBS; RNase H activity subsequently excises the tRNA from the (À) strand template. The exposed PBS-containing DNA product anneals to complementary sequences on a DNA acceptor template, enabling the () strand transfer reaction. Subsequent elongation by RT generates full proviral DNA duplex competent for integration into host DNA.
Lentiviruses that infect primates employ tRNA 3 lys as the (À) strand primer. 14, 15 Annealing of this tRNA to the human immunode®ciency virus (HIV) PBS requires extensive rearrangement of both the tRNA primer and the template. In studies employing chemical probing methods, this rearrangement was shown to involve breaking of the duplex within the acceptor stem of the tRNA. 16 The 3 H 18 nt stretch of tRNA 3 lys associates with the HIV PBS, and the 5 H -half of its acceptor stem undergoes an intramolecular association with tRNA 3 lys nucleotides 46-54, forming a single``A-bulge'' at nucleotide 50. 16 In addition, the anticodon loop has been shown to associate with the HIV template. This interaction occurs within an A-rich element upstream of the HIV PBS, and has been demonstrated both by genetic and biochemical experiments to be important for the HIV replication. 17 ± 20 After the initiation of () strand synthesis from a 19 nt polypurine primer, RT encounters tRNA 3 lys at the 5 H -end of the (À) strand template. 21, 22 Posttranscriptionally modi®ed tRNA 3 lys has been shown to be effective in stopping RT after the 18th nucleotide from the 3 H -end of the tRNA has been replicated, consistent with contemporary models for primate lentiviral replication, as well as with earlier results from studies of avian retroviruses. 23, 24 However, recent studies employing HIV RT and model templates have demonstrated the occurrence of read-through beyond the m1A58 stop signal. 25 This results in the generation of longer products, including a viable 22 nt tRNA templated product formed as a consequence of pausing by RT opposite c55. 26 Here, we report a more detailed examination of the products formed during the HIV () strand synthesis. These studies employed a model DNAtRNA 3 lys hybrid template for the generation of the () strand stop intermediates, and a 60 nt acceptor DNA containing the natural HIV sequences. We discovered that two different products are used ef®ciently as intermediates in the () strand transfer reaction: (i) the well-documented 18 nt tRNA templated product; and (ii) a 22 nt tRNA templated product. The 18 nt product is generated when RT pauses at the routine stop point, which is opposite G59, the nucleotide preceding m1A58. The 22 nt tRNA templated product is yielded when RT bypasses the routine stop, pausing instead opposite c55. An examination of retroviral genomes revealed that subsets of the lentivirus and spumavirus genera contain a previously unreported element complementary to the terminal nucleotides of the over-extended sequence that is adjacent to and downstream of their respective PBS. This consensus sequence, which we have named``primer over-extension sequence'' (POS), is likely to be employed in the replication of overextended lentiviral and spumaviral () strand strong stop intermediates.
Results
Three major () strand strong-stop products are generated in vitro during the () strand synthesis reaction Numerous research groups have partially characterized the products formed during the HIV () strand synthesis. 23 ± 26 To permit a more detailed examination of the intermediates formed, a (À) strand DNA template was synthesized by ligating post-transcriptionally modi®ed tRNA 3 lys to a 76 nt DNA oligonucleotide (Figure 1(a) , upper panel). Elongation of a radiolabeled 24 nt primer annealed to the DNA-tRNA 3 lys template by RT resulted in the generation of 82, 86, and 103 nt products (Figure 1(a) , lower panel, and Figure 2 ). The sizes of these three products were determined by comparison of their migration distances with those of synthetic 81, 83, 85, 87, 101, 102, and 103-mers. Mixing of 81 and 83 nt with the () strand synthesis reaction products during electrophoresis helped us deduce the size of the predominant band as an 82 nt product (Figure 2(c) ). This product was anticipated; it is re¯ective of stalling by RT after regeneration of the PBS, opposite nucleotide 59 of tRNA 3 lys , one nucleotide preceding m1A58. Mixing of 85 and 87 nt oligomers with the () strand synthesis reaction products during electrophoresis was used to elucidate the size of the 86 nt product (Figure 2(b) ). To generate this product, it is necessary for RT to extend past nucleotide 58 and pause opposite c55, which is just one base upstream of T m 54. Using 101, 102, and 103 nt markers, the third () strand strong stop intermediate was identi®ed as 103 nt product, which is apparently generated when RT pauses opposite A38 (Figure 2(a) ). These data are consistent with current models, in that RT pauses upon encountering m1A58; however, the stoppage is not complete and RT can extend beyond the ®rst modi®ed nucleotide to generate additional () strand strong-stop products.
NC accelerates the () strand transfer reaction
In previous studies, we employed acceptor DNA containing an 18 nt stretch of the HIV sequence complementary to the PBS. 24 In contrast, the present study employs a 60 nt acceptor DNA containing HIV-1 sequence. This new acceptor DNA should preclude any bias imposed by arti®cial sequences in selection of intermediates used for the () strand transfer reaction. Upon () strand transfer and subsequent elongation by RT, a 124 nt product was formed as expected ( Figure 1(b) ).
As a prelude to determining the competency of the various () strand stop intermediates in participating in the () strand transfer reaction, the kinetics of the () strand transfer reaction in the presence or absence of nucleocapsid (NC) was examined. NC has been shown to be involved in the initial replication steps where it has been demonstrated to facilitate (À) strand transfer reaction.
27 ± 29 NC has recently been shown to facilitate the () strand transfer reaction. 26 We found that increasing the NC concentration enhanced the formation of the () strand transfer reaction product, with maximum stimulation occurring in the presence of 1.5 mM NC (data not shown).
We then went on to quantify the effect of NC on the rate of formation of the () strand transfer product. The appearance of the () strand transfer product was analyzed as a function of time in the presence or absence of NC (1.5 mM) (Figure 3 ). In the absence of NC, the initial rate of formation of the () strand transfer reaction was 4(AE 0.4) fmol of primer used/minute per pmol of acceptor DNA. In the presence of NC (1.5 mM) the rate was accelerated to 1.2(AE0.2) fmol of primer used/minute per pmol of acceptor DNA, a threefold increase in the rate of primer utilization to generate () strand transfer product. H -endradiolabeled 24 nt primer annealed to the DNA-tRNA 3 lys template. An 82 nt product is expected if RT stops at one nucleotide before m1A58. If RT reads past m1A58 and stops opposite c55, an 86 nt product is expected. A 103 nt product is generated when RT reads past c55, and stops opposite A38. 
Lentiviral Primer Over-extension Sequence
Both the 82 and the 86 nt products are active intermediates in the HIV strand transfer reaction Formation of three () strand strong stop products led us to investigate the competence of these products in participating in the () strand transfer reaction. The levels of an active intermediate would be expected to initially increase as it is generated and then decrease as it gets converted into the () strand transfer product. A dead-end product, on the other hand, would be expected to increase, then remain constant during the duration of the reaction. The formation and utilization of these intermediates was analyzed as a function of time ( Figure 4(a) ). We found that the amount of both 82 nt and 86 nt () strand intermediates increased sharply and then decreased, indicating was determined. The reaction was terminated at different time points (0-60 minutes) and analyzed as described in Materials and Methods. The slope of the linear portion of the curve (0-30 minutes) was calculated to determine the rate in terms of pmol of () strand transfer product formed/min/pmol of acceptor DNA. The same analysis was done at differing acceptor DNA concentrations (0 to 25.6 pmol per 40 ml reaction volume; data not shown) and the average rate /À SD was determined. that these two products are converted into the () strand transfer product (Figure 4 ). In contrast, the amount of the 103 nt product increased and then remained constant, indicating that it is a dead-end product that does not participate in the () strand transfer reaction (Figure 4) . The kinetic analysis also reveals the presence of a transient 64 nt intermediate, which appears within the ®rst minute of incubation at 37 C and disappears rapidly (Figure 4) . We believe that this product is formed when RT pauses at the DNA-tRNA junction. This product is later consumed as RT reverse transcribes tRNA to regenerate the PBS.
The presence of a primer over-extension sequence (POS) in lentivirus and spumavirus
The current models of retroviral replication are insuf®cient to explain the ability of the 86 nt () strand strong stop product to participate in the () strand transfer reaction. In order to reconcile this observation, we re-examined the HIV sequences 3 H of the PBS to determine whether it was possible for a four nucleotide over-extended product to anneal to the template so that it can be extended by RT.
The sequences of all the HIV-1 isolates around the PBS were analyzed and were found to contain a ®ve nucleotide consensus sequence, 3
H to the PBS, complementary to bases 54-58 of the tRNA 3 lys primer (Table 1) . Upon alignment of tRNA 3 lys with HIV sequences, we observe that 62 % of the isolates contain a thymidine base opposite m1A58. A total of 74 % of the HIV isolates sequences have a T base opposite A59 of the tRNA 3 lys in the next position. The vast majority (98-99 %) of HIV isolates contain G and A bases, at the following two positions; the nucleotides are complementary to the two terminal nucleotides of the four nucleotide over-extended intermediate experimentally observed. Two nucleotides of terminal complementarity are probably adequate to provide an active 3 H terminus for further extension by RT. The consensus sequence, however, would be complementary to a ®ve nucletodie over-extended product, one nucleotide longer than observed in the in vitro reaction, but perhaps occurring, occasionally, in the in vivo reaction. Complementarity to longer``over-extended'' products beyond the random (25 %) occurrence is not observed, consistent with our in vitro observation that longer products are not active intermediates in the replication pathway. We term the ®ve nucleotide consensus sequence present in HIV isolates the primer over-extension sequence (POS) and propose that it exists to serve as a back-up site for annealing () strand strong stop intermediates that a The sequences of all the viral isolates reported in the Genbank as of February 2000 were analyzed 3 H to the PBS to determine the extent of complementarity between the viral genome and the tRNA 3 lys primer. In each case, the number of viral isolates analyzed is given within parenthesis.
extend beyond the m1A58 stop site. Alternatively, this sequence may be a genetic record of () strand strong stop products that were successfully overextended.
The discovery of the POS in HIV-1 isolates led us to re-examine other retroviral sequences to determine whether its presence was a general phenomenon. The sequences of HIV-2, simian immunode®ciency virus (SIV), feline immunode®-ciency virus (FIV), and equine infectious anemia virus (EIAV), all of which use tRNA 3 lys as primer, 30 were analyzed. The POS was found to be present in HIV-2, SIV, and FIV with a T residue inserted opposite m1A58. However, in EIAV, a C residue is found inserted opposite m1A58, and no complementarity to a product over-extended by ®ve nucleotides is observed (Table 1 ). This could indicate that, in EIAV, RT may rarely, but selectively misincorporate C opposite the non-informative m1A58 modi®cation, and that only the four nucleotide over-extended product observed in our in vitro system is produced in vivo. Mouse mammary tumor virus (MMTV), a mammalian type B retrovirus, also uses tRNA 3 lys as primer, 31 but clearly does not contain a POS. None of the MMTV sequences examined contained any nucleotides complementary to products that would result from reverse transcription beyond m1A58 in the ®ve nucleotide stretch corresponding to the lentiviral POS (Table 1 ). This indicates that the presence of POS is not general for retroviruses that use tRNA 3 lys as primer. Furthermore, by comparing the sequence immediately downstream of the PBS of other retroviruses such as avian leucosis virus (ALV), avian sarcoma virus (ASV) (uses tRNA trp as primer) 32 and Moloney murine leukemia virus (Mo-MLV) (uses tRNA pro as primer) 33 with the products that would have resulted if reverse transcriptase extended beyond m1A58 of the tRNA used for priming, we note these viruses also lack a POS (data not shown).
Other lentiviruses and spumaviruses use tRNA 1,2 lys as primer 30 In bovine immunode®ciency viruse (BIV), Visna virus, and caprine equine anemia virus (CEAV), a POS element is only complementary to a () strong stop intermediate that would have been over-extended by four nucleotides, the product that we observe in vitro using an HIV-1 template (Table 2 ). In CEAV, like in EIAV, the ®rst position within POS is a C, still providing suf®cient complementarity to a three nucleotide duplex primer terminus. In the 11 available sequences of spumavirus isolates, we observe a perfect match in the ®rst four nucleotides of an over-extended () strand strong stop intermediate and a 64 % match at the ®fth position (Table 2) .
Discussion
Retroviral replication models propose that during () strand DNA synthesis, RT stalls on encountering the ®rst modi®ed nucleotide, A58 methylated at position N1, leading to the generation of the () strand intermediate and the regeneration of the 18 nt PBS. 8, 13, 23, 24, 26 Experiments using HIV RT and model templates, however, have shown that some read-through products are formed during the transcription of the () strand, generating () strand strong stop intermediates of varying lengths. 24 ± 26 In the studies detailed here, we employed a model system that mimics the (À) strand DNA and post-transcriptionally modi®ed tRNA 3 lys along with an acceptor DNA containing the HIV-1 sequence. This system has permitted a detailed analysis of the () strand strong stop intermediates formed, and their competence in the subsequent () strand transfer reaction. Three () strand intermediates were formed: (i) the expected 82 nt intermediate generated by a stop opposite G59; (ii) an 86 nt intermediate from a stop opposite c55, formation of which has been previously documented; 25, 26 and (iii) a 103 nt intermediate from a stop opposite A38. There have been con¯icting reports about termination near position A38; Auxilien et al. 25 reported termination occurring at position 37, but later experiments by Wu et al. 26 suggest that the stop site is opposite position 39. However, our results indicate that the stop site is opposite position 38. The most likely cause of such a stop is the 2-methylthio-N6-threonylcarbamoyladenosine modi®cation found in the next nucleotide within the template (A37) that likely blocks further progression by RT. A previous report indicated that the read-through products were observed only in the presence of NC. 25 However, under our experimental conditions, the read-through products were observed even in the absence of NC, suggesting that the progression of RT beyond the primary stop signal is not dependent upon the presence of any additional factors.
An analysis of the levels of the intermediates as a function of time demonstrates that both the 82 and the 86 nt products are active intermediates that participate in the () strand transfer reaction. The 103 nt product is a dead-end product that does not participate in the () strand transfer reaction. The rate of formation of the () strand transfer product is stimulated threefold by the addition of NC, a modest enhancement in comparison to the 3000-fold NC mediated acceleration observed during the (À) strand transfer reaction. 29 Perhaps the large difference in NC-mediated stimulation is due to differences in secondary structure elements.
The competence of both the 82 and the 86 nt products in the () strand transfer reaction cannot be explained by the current retroviral replication model. Hence we directed our attention to the HIV sequence 3
H to the 18 nt PBS that is complementary to the priming tRNA. If the 86 nt product were an active replication intermediate, then the HIV genome would be expected to contain a four nucleotide sequence 3
H to the PBS re¯ecting this event. Indeed, sequence analysis of the HIV-1 genome revealed the presence of a ®ve base sequence, located 3 H of the 18 nt PBS, complementary to bases 58 to 54 of the tRNA primer. This ®ve base consensus sequence is present in HIV-2, SIV, and FIV and in spumavirus, whereas other lentiviruses contain a four base consensus sequence. We have termed this consensus sequence POS re¯ective of its proposed role in providing a region of complementarity for over-extended products, enabling their participation in the () strand transfer reaction. The POS sequence was not found within MMTV, which uses tRNA 3 lys as primer, or within any other retroviral genomic sequences examined. Thus, the presence of POS consensus sequence appears to be re¯ective of a strategy that is unique to lentiviruses and spumaviruses.
A detailed analysis of the POS reveals that at the position complementary to the ®rst over-extended nucleotide (T), incorporated opposite m1A58, the highest level of conservation was observed in spumaviral (100 %), BIV (100 %) and SIV (95 %) sources, followed by 86-90 % conservation in FIV, HIV-2 and Visnaviral isolates. In HIV-1 this position is more variable; only 62 % conservation is observed. As m1A58 cannot form a Watson-Crick base-pair, this variation suggests that most of the viruses are utilizing tRNA primer lacking the m1A modi®cation when over-extended products are experienced, or that alternative incorporation mechanisms allow a pyrimidine to be incorporated opposite the m1A modi®cation. In contrast, experimental results in vitro have shown incorporation of an A opposite m1A, 25 a result that is consistent with the observation that most polymerases, with the exception of DNA pol b, insert an A opposite a non-informative base or lesion. 34, 35 In EIAV and CEAV, C appears to be preferentially misincorporated opposite A58 though the reason for this phenomenon is not yet clear.
Although the over-extended region in vitro was limited to four nucleotides, an additional complementary nucleotide at the ®fth position is found in HIV-1, HIV-2, SIV, and FIV (Table 1 ). This is highly conserved in HIV-1 (99 %), but is considerably lower (71-87 %) in the others. Perhaps different viral RTs have varying abilities to read one nucleotide further into the secondary stop site. Alternatively, the complementary nucleotide at the ®fth position may be coincidental. Complementarity past the POS falls sharply to 0-2.4 % in all lentiviruses and spumaviruses examined for the next two positions and remains at a random level past that.
The discovery that products resulting from reverse transcription of the ®rst 22 nt of the tRNA 3 lys raises the question of what factors enable c55 and T m 54, both of which can form Watson-Crick basepairs, to function as stop signals. It is possible that steric considerations of either of the bases, alone or in combination, result in a strong kinetic pause after incorporation of an adenine nucleotide opposite c55. Alternatively, a secondary structure element may be the principal determinant. In studies mapping the interaction between tRNA 3 lys and HIV template, an extensive rearrangement in the structure of the tRNA and template was observed. 16 This rearrangement includes the annealing of the 5 H -half of the acceptor stem with tRNA starting with T m 54. We used the RNA Structure RNA refolding program{, to predict the structures of an unmodi®ed tRNA 3 lys lacking the 3 H 18 nt stretch that anneals to the PBS (bases 1-58). When the duplex region is limited to the stems of the anticodon loop and the Dloop, the predicted tRNA 3 lys conformer has a free energy of only À9.5 kcal (Figure 5(b) ), suggesting that this structure does not likely form. In the absence of any constraints for intramolecular basepairing, two potential conformations are predicted ( Figure 5 (c) and (d)). One predicted conformer has a free energy of À17.3 kcal, and both the anticodon and the D-loop are preserved. The other has a free energy of À18 kcal, and neither the anticodon nor the D-loop is preserved. When the bases comprising the anticodon loop (U33-U36) are constrained from forming intramolecular base-pairs, a necessity if they are to be available to base-pair with the A-rich loop within the HIV template as experimentally observed, 18 the structure with free energy of À17.3 kcal becomes favored ( Figure 5(c) ). c55 stabilizes the anticodon stem-loop of tRNA 3 lys by increasing base stacking on the 3 H -side of the tRNA anticodon loop. 36 Thus, the structure shown in Figure 5 (c) will gain additional stabilization energy when the U55 is modi®ed to pseudouridine, and will become the favored conformation when bases 59 to 76 are involved in base-pairing with the viral genome. As RT reverse-transcribes tRNA 3 lys during () strand synthesis, it will, in this scenario, encounter c55, the last nucleotide before a duplex RNA structure ( Figure 5(c) ). Duplex RNA may induce an adequate kinetic pause nucleotide to permit RNase H digestion and conversion of the four (or ®ve) nucleotides over-extended intermediate to a stable one.
It is possible to mutate the HIV primer-binding site so that is can accommodate alternative tRNAs as primers. To accomplish this, it is important to enable interactions outside of the traditional PBS to permit interaction of other tRNA sequences upstream of the PBS. 37 ± 43 Modi®cations within the region of the PBS have shown that sequences within the POS region we have identi®ed can be changed, replaced or deleted. 42, 43 These observations are consistent with our hypothesis that the POS exists as a backup``landing pad'' for products resulting from overextension beyond the primary stop site, m1A58. Thus, omission of the POS would only be expected to result in virus that would fail to replicate when reverse transcriptase transcribed beyond A58, a property shared by all retroviruses except the lentiviruses and spumaviruses.
Determination of the precise nature of the stop signals for the generation of the () strand strong 
Materials and Methods

Enzymes
Reverse transcriptase and NC were puri®ed as described. 44, 45 Phage T4 polynucleotide kinase was purchased from Life Technologies (Gaithersburg, MD); T4 DNA ligase was purchased from Ambion, Inc (Austin, Texas).
Preparation of nucleic acids
The protocol developed by Rogg et al. 46 was used to extract tRNA from rabbit livers, which contains tRNA 3 lys identical with that of human. Following extraction, tRNA 3 lys was puri®ed as described by Raba et al., 47 with the exception that a NACS-20 column was used instead of a RPC-5 column. The presence of tRNA 3 lys was detected by Northern blot analysis using a radiolabeled DNA probe (5 H -TGGCGCCCGAACAGGGA-3 H ), and by the ability of lysyl-tRNA synthetase to aminoacylate tRNA. All DNA molecules were synthesized by Synthetic Genetics (San Diego, CA) and were gel puri®ed prior to radiolabeling. DNA-tRNA hybrids were constructed by ligating a 76 nt DNA (5 H -CTGCTAGAGATTTT-TCCACACTGACTAAAAGGGTCTGATTGATGTCTAG-TTACCAGAGTCTCCGCCCGTTTCTTTT-3 H ) to puri®ed tRNA 3 lys using a 46 nt DNA (5 H -GTCAGTGTGG-AAAAATCTCTAGCAGTGGCGCCCGAACAGGGACT TG-3 H ) as a bridging oligonucleotide as described. 24 The band containing ligated DNA-tRNA 3 lys was excised from a denaturing (8 M urea/8 % polyacrylamide) gel and extracted in a buffer containing 1 M NaOAc (pH 7.0) and 1 mM EDTA. After a 16 hour incubation at 4 C the template was puri®ed by passing through a 0.2 micron ®lter and precipitated by addition of three volumes of ethanol/isopropanol (1:1). The precipitated oligonucleotide was resuspended in TE (10 mM Tris-HCl pH 8.0, 1 mM EDTA).
Generation of () strand strong stop intermediate DNA-tRNA hybrid template was annealed to a 5
Hend-labeled 24 nt DNA primer (5 H -CGGAGACTCTGG-TAACTAGACATC-3 H ) by heating to 94 C for three minutes and slow cooling (1 deg. C per minute) to room temperature. The annealed primer-template (1 pmol) was incubated in the presence of 50 mM Tris-HCl (pH 8.0), 2 mM MgCl 2 , 100 mM potassium glutamate, 8 mM dithiothreitol, 0.05 % Triton X-100, 50 mM dNTP and 1 pmol RT at 37 C for 30 minutes for the generation of the () strand stop intermediate. The reaction was stopped by the addition of 50 mM EDTA and puri®ed using a P-6 spin column (Bio-Rad Laboratories, Hercules, CA). The reactions were analyzed on a denaturing gel (8 M urea/7 % polyacrylamide) and the amount of radioactivity was quanti®ed using a phosphorimager.
() strand transfer reaction
A 60 nt acceptor DNA (5 H -CCTTGCGTCGAGAGAG CTCCTCTGGTTTCCCTTCGCTTTCAAGTCCCTGTTCG GGCGCCA-3 H ) was used to study () strand transfer reactions. These reactions were set up as for the generation of the () strand transfer reaction, with the exception that they contained acceptor DNA and NC (1.5 mM). Reactions were stopped by the addition of 50 mM EDTA and SDS (®nal concentration 5 %). The reaction products were puri®ed using a P-6 spin column and analyzed on a denaturing (8 M urea/7 % polyacrylamide) gel. The amount of () strand transfer product formed was calculated from the amount of labeled primer converted to form the 124 nt product.
